Linking component importance to optimisation of preventive maintenance policy, Reliability Engineering and System Safety, http://dx.Abstract. In reliability engineering, time on performing preventive maintenance (PM) on a component in 14 a system may affect system availability if system operation needs stopping for PM. To avoid such an 15 availability reduction, one may adopt the following method: if a component fails, PM is carried out on a 16 number of the other components while the failed component is being repaired. This ensures PM does not 17 take system's operating time. However, this raises a question: Which components should be selected for 18 PM? This paper introduces an importance measure, called Component Maintenance Priority (CMP), that is 19 used to select components for PM. The paper then compares the CMP with other importance measures 20 and studies the properties of the CMP. Numerical examples are given to show the validity of the CMP. 21 importance 23 1 Introduction 24 1.1 Motivation 25
Component maintenance priority
We first recall an importance measure with a similar definition as what we will define. This 137 importance measure is the conditional marginal reliability importance, defined in [8] . Its definition is 138 given below. 139 Definition 1 (Conditional Marginal Reliability Importance (CMRI)) [8] . The CMRI of component 140 , given that component is working or failed, is defined by
where ( ) means that the component is working (or failed).
142
The authors of [8] claim that the CMRI can be used to decide to which components we should pay 143 more care in terms of maintenance.
144
Remark 2. Let's look at two typical systems: a series system and a parallel system.
145
 For a series system, we have the following two scenarios.
146
B1. If component is working, or , then the system is working. In this case, no PM can be 147 performed on any component. This is because: according to Assumptions A3, A4 and A5, 148 neither PMD nor PMU can be performed. As PMD is only performed when the system is not 149 working, whereas PMU is performed when component is failed. Hence, there is no need to 150 use ( ) to rank the components.
151
B2. If , then ( ( )) . ( ) for any . That is, ( ) cannot be used to rank 152 the components as they all are zeros.
153
 For a parallel system, similar to the series system, we have the following two scenarios.
154
B3. If , then ( ( )) . ( ) for any , that is, ( ) cannot be used to rank 155 the components as they all are zeros.
156
B4. If , or component is failed, according to Assumptions A3, A4 and A5, PMU can be 
. That is, if component 2 205 fails, the system is working. Then one of components 5, 6, 7 and 8 can be selected for PM.
206
The derived results (A) and (B) using Definition 2 agree with the analysed results (a) and (b). From the above example, it can also be found that may be zero, which differs from most existing 211 importance measures such as the Birnbaum importance measure, the joint importance measure, the 212 conditional importance measures, etc, which are always positive.
213
It can be found that ( ) ( ) The ordering ranked by ( ) is apparently different from that 214 by ( ) For example, assume a system is consisted of four components shown in Fig. 3 and their From Definition 2, an interesting concern is the expected number of PM of each component, based on 233 which one may design the system. For example, one may assume that the reliabilities of the components 234 in a system are equal, then calculate component's CMP. He can then allocate the real components with the 235 following rule: the component with the lowest reliability will be placed in the position with the largest 236 number of PM. Then the component will be preventively maintained more often than others.
237
( )=0 implies that component j is not selected for PM if component i fails. Hence, in a system, the 238 maximum number of PM conducted on component is given by
where we mean by the maximum number , we have considered the fact that even if a PM is allowed, it is 240 not necessarily always done because of economic or manpower constraints.
241
Another interesting question is the number of components that can be preventively maintained 242 while a failed component is being repaired. There are two situations as following.
243
(A) If a critical component fails, then the system stops working. While the component is being repaired, 244 the rest components can be maintained simultaneously.
245
(B) However, if a non-critical component fails, the system is still working. To keep the system working, 246 the number of other components that can be maintained is limited. The minimum number of 247 components to ensure the system working is (where is the number of components in the 248 shortest path set in the system), which implies that the rest components can be 249 maintained simultaneously.
250
Hence, we may use the following remark, Remark 3, to summarise the above discussion.
251
Remark 3. For a -component system, while the failed component is being repaired, the maximum 252 number of components that can be preventively maintained simultaneously equals or .
253
Example 2. In the system shown in Fig. 2 [19], overcome this drawback [19] . Below is the definition of the differential importance measure (DIM)
The DIM can be regarded as the fraction of the total change in system reliability that is due to a 264 change in parameter components' reliabilities.
265
Similar to the other variants of the Birnbaum importance measure, the CMP ranks only individual 266 components. The following quantity ( ) defines the improvement on the system if one improves 267 the reliabilities of components with amount , respectively. As the denominator in 268 the right hand side of Eq (4) is constant, one can simply compare the enumerators of the DIM. As such, we 269 can derive a similar result the following.
270
If component is failed, then the component maintenance priority of a given set of reliability 271 improvements ( ) on components is given by 276 The content in the preceding section, Section 3.1, does not consider the fact that reliability is a 277 function of time.
Dynamic scenarios

278
The CMP is introduced for ranking maintenance priorities of the components of a system at a time the expected number of PM with a given time period (0,T).
297
In this section, we make the following two assumptions.
298
A8. Repair on failed components are minimal repair, that is, the repair will bring the component back to 299 the status just before it failed. PM effect is imperfect, that is, a PM activity will bring the maintained 300 component to a status between as good as new and the time before the component was maintained. (6) and (7). The set can be all of the 313 components in a system or a subset of components in a system.
314
In the following, we give the expected number of PM within (0,T) under the above two maintenance 315 policies. , no PM will be conducted. Hence, the probability that the first PM will be conducted within time period
The optimum scenario is that no failure to occur since the first PM. ( ( ) ( ) 345 ( ) ( )) , where ( ) is the minimum number of the components that can be conducted on 346 the set of components .
347
Based on the above discussion, if maintenance policy B is applied, then, , the expected number of 348 PM of a set of components within time interval (0, T), has bounds given in the following.
Discussion
12 can be seen that the optimal number of components that may be preventively maintained can be sought 353 to minimise the expected cost in a given time horizon. The above sections discuss maintenance policies A and B. In the following, for the sake of simplicity,
377
we use maintenance policy A as an example. 378 We consider the system shown in Fig. 2 Table 2 also indirectly illustrates the use of the importance for a group of components defined in Eq.
410
(5), as the effect of both reliability improvement (i.e., in the table) and a group of components for 
